The papillomavirus minor capsid protein, L2, has been shown to exhibit immunogenicity, whereby a variety of B-cell epitopes, predominantly in the amino terminus of L2, have been deduced. However, immunity to L2 in vivo has not been examined extensively. Notably, a common neutralization epitope for human papillomavirus (HPV) types 6 and 16 was mapped to amino acids (aa) 108 to 120. The objectives of this study were to derive antisera from rabbits using the corresponding sequences from rabbit viruses and to assess the ability of these peptides to protect against infection. Synthetic peptides consisting of two overlapping sequences each in the region of aa 94 to 122 of the rabbit oral (ROPV) and cottontail rabbit (CRPV) papillomaviruses were used to immunize rabbits. Rabbits were then infected with both ROPV and CRPV and monitored for the development of oral and cutaneous papillomas, respectively. Serum derived from rabbits immunized with either of the two peptides was shown to (i) react to purified L2 from the cognate virus, (ii) specifically recognize L2 within virus-infected cells, and (iii) neutralize virus in vitro. Following viral challenge, cutaneous papilloma growth was completely absent in rabbits immunized with either CRPV peptide. Likewise, ROPV peptideimmunized rabbits were protected from oral papillomatosis. Challenge of CRPV peptide-immune rabbits with the viral genome resulted in efficient papilloma growth, suggesting a neutralizing antibody-mediated mechanism of protection. These results afford in vivo evidence for the immunogenicity provided by a distinct region of L2 and further support previous evidence for the ability of this region to elicit antiviral immunity.
Papillomaviruses are the etiologic agents of a variety of diseases involving hyperproliferative lesions of cutaneous or mucosal epithelium. Many different virus types exist in nature, spanning the animal kingdom and including the over 100 types found to infect humans (http://hpv-web.lanl.gov/). A subset of human papillomaviruses that infect the genital tract can produce invasive carcinoma and are associated with Ͼ90% of cervical cancers (37) .
Papillomavirus genomes encode structural proteins L1 and L2, which comprise the viral capsid. L1 is the more abundant protein within the viral capsid. When expressed in vitro, L1 molecules self-assemble into virus-like particles (VLPs), which structurally resemble native virions (7, 18, 20) . As L1 is highly immunogenic, a variety of antigenic determinants for this protein have been characterized. Regions of L1 that elicit antibodies capable of neutralization have been localized to hypervariable loops on the capsid surface (4, (26) (27) (28) (29) 38) . The degree to which these epitopes vary among viral types is significant enough that immunologic cross-reactivity is limited to only the most closely related types (8, 12, 32, 33) . L2 proteins are a minor structural element within the viral capsid but appear to have a role in viral genome encapsidation (40) (41) (42) and recruitment of L1 and early transcription/replication regulatory protein E2 to promonocytic leukemia protein oncogenic domains (11) . The physical orientation of L2 molecules within the viral capsid and their explicit surface determinants remain elusive; however, several B-cell epitopes of L2 have been mapped by the use of monoclonal antibodies. These studies have shown a propensity for the amino terminal 170 amino acids (aa) to elicit neutralizing antibodies (2, 15, 23, 36) .
A number of studies with animals have shown that both the L1 and L2 proteins are capable of inducing humoral responses sufficient for virus neutralization and subsequent protection from viral challenge. Vaccination with L1 VLPs induces hightiter neutralizing antibodies (24, 25, 30) ; the nondenatured (21) product administered systemically can provide humorally mediated virus neutralization at both cutaneous and mucosal infection sites (1, 5, 19, 35) . However, the extent to which this protection may apply to natural human infection is complicated by the presence of a wide array of viral types containing distinctly different antigenic determinants. As determined efficacious, several VLP-based vaccines are currently being tested (13, 34) with notable success; yet, the challenge of producing broad-based protection to human papillomavirus (HPV) infection remains.
L2 has also been shown to evoke protective immunity. Immunization of rabbits with whole L2 (22) or the C-terminal half (9) of cottontail rabbit papillomavirus (CRPV) L2 produces neutralizing antibodies and protection, albeit considerably less than immunization with L1. In the bovine system, both the N-terminal and C-terminal thirds of the bovine papillomavirus type 4 L2 protein were shown to elicit strong antibody responses; however, complete protection was achieved only by vaccination with the N-terminal portion (3). This neutralization epitope was later mapped to aa 131 to 151 (2) . Furthermore, although L2 epitopes appear to be subdominant in com-parison to those of L1, L2 holds the potential for crossneutralization (16, 31) . A monoclonal antibody capable of neutralizing both HPV 6 and HPV 16 pseudovirions has been derived from immunization of mice with a specific peptide derived from a region spanning aa 108 to 120 of HPV 16 L2 (16) . This peptide has been used as an immunogen to produce systemic and mucosal antibodies capable of neutralizing HPV 16 pseudovirions (14) .
The rabbit model system provides a medium to study protective immunity to both cutaneous and mucosotropic papillomaviruses. To examine the in vivo protective potential of this peptide as an antigen, we constructed peptides from the aforementioned L2 region of the rabbit cutaneous (CRPV) and oral (10) viruses. Serum derived from immunized rabbits was highly reactive to L2 in immunoblots and within infected tissue. CRPV peptide-immunized rabbit serum was also capable of virus neutralization in vitro and completely protected rabbits from infection with the cognate virus. Rabbits were not protected from CRPV DNA challenge, implying that prophylaxis is mediated predominantly by neutralizing antibodies. Oral papillomas were absent or substantially diminished in rabbit oral papillomavirus (ROPV) peptide-immunized rabbits compared to controls. Despite serum reactivity to the heterologous peptides, little cross-protection was observed.
MATERIALS AND METHODS
Peptides and rabbit immunizations. Synthetic peptides (Genemed Synthesis Inc., San Francisco, Calif.) were constructed as shown in Fig. 1 . Each peptide was conjugated to keyhole limpet hemocyanin (KLH) for immunization or to bovine serum albumin for enzyme-linked immunosorbent assays (ELISA). Peptides were conjugated to proteins via the sulfosuccinimidyl 4-[N-maleimidomethyl]-cyclohexane-1-carboxylate linker (Pierce, Rockford, Ill.).
Twenty-three New Zealand White rabbits were divided into five groups; four rabbits per group received one of the following peptides: CRPV L2.1, CRPV L2.2, ROPV L2.1, and ROPV L2.2. Three control rabbits received the HPV 16 L2 peptide. Primary immunizations consisted of 500 g of peptide-KLH emulsified in Freund's complete adjuvant and delivered intradermally. Rabbits were boosted twice, at 3-to 4-week intervals, with 500 g of peptide in Freund's incomplete adjuvant delivered subcutaneously. Blood was collected through the ear vein after the second boost, allowed to clot, and centrifuged (10 min, 3,000 ϫ g) to obtain serum.
Viral and viral DNA challenge. All procedures were approved by the institutional review board at The Pennsylvania State University College of Medicine. Each experimental animal was challenged with both ROPV and CRPV 4 to 12 weeks after the last immunization. For CRPV infection, rabbits received viral doses at 10 Ϫ2 and 10 Ϫ3 dilution of crude viral stock (CRPV Hershey strain). Virus was applied, under anesthesia, to scarified skin at two sites per dilution. For ROPV infection, 5 l of crude stock (local isolate [10] ) was applied to 15 needle puncture sites on the right underside of tongues. Cutaneous papilloma growth was monitored with weekly measurements for 10 weeks. Oral papillomas were counted and photographed at weeks 3 and 4 postinfection. ROPV-induced papillomas are at maximum growth at this time and naturally regress by 6 to 8 weeks (6) .
After Ͼ12 weeks of observation, cutaneous papillomas did not appear on any rabbits immunized with either CRPV peptide. To determine if the protection was mediated by the antibody response to the L2 protein, four experimental rabbits (two immunized with CRPV L2.1 and two immunized with CRPV L2.2) and two nonimmune inbred controls were challenged with infectious CRPV DNA. Eight micrograms of the pUC19 vector containing the CRPV genome was applied to scarified skin at three sites each. One rabbit from each experimental group and both controls also received a genome deficient for the expression of L2 (ATG mutant) at three sites each. Papilloma growth was monitored for 9 weeks.
Serological analyses. (i) Immunoblots. Histidine-tagged ROPV and CRPV L2s were produced by the recombinant baculovirus expression system and HPV 16 L2-His 6 was produced in bacteria. Briefly, the L2 genes were amplified from genomic DNA and cloned into pBlueBacHis (CPRV and ROPV) and pTrcHis (HPV 16). The production of recombinant baculoviruses and expression of proteins were carried out according to the manufacturer's protocols (InVitrogen Corp., Carpinteria, Calif.). Nickel column-purified His 6 -tagged L2 proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacrylamide) and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% nonfat milk and incubated overnight with a 1:250 dilution of immune rabbit serum. Blots were probed with an alkaline phosphatase-conjugated swine anti-rabbit secondary antibody (DAKO Corp., Carpinteria, Calif.) at a 1:2,000 dilution and were developed with BCIP (5-bromo-4-chloro-3-indolylphosphate)-nitroblue tetrazolium substrate. Positive controls for purified L2 proteins were probed with an anti-His 6 G mouse monoclonal antibody (InVitrogen Corp.), followed by rabbit anti-mouse immunoglobulin G (IgG)/IgM (Pierce) at 1:2,000.
(ii) ELISA. Synthetic L2 peptides conjugated to bovine serum albumin were used as the antigen to determine the peptide specificity of rabbit polyclonal sera. Peptides (0.5 g/well) were bound to 96-well plates overnight in 0.1 M NaHCO 3 buffer, pH 9.0, washed, and blocked for 1 h with 5% nonfat milk. Rabbit serum was diluted 1:100 in blocking buffer and incubated for 1 h, followed by incubation with swine anti-rabbit alkaline phosphatase-conjugated antibody (DAKO; 1:1,000) and detection with 1 mg/ml of p-nitrophenyl phosphate substrate. Wells probed with preimmune sera were used as blanks. Absorbance at 405 nm (A 405 ) was measured with a microplate reader 25 min after the addition of substrate.
(iii) Immunohistochemistry. CRPV-and ROPV-infected rabbit tissues grown in the mouse xenograft system (10) (CRPV, subcutaneous; ROPV, subrenal) were fixed in formalin, embedded in paraffin, and sectioned for histology. Rabbit polyclonal serum was diluted 1:200 and used to probe tissue sections containing virus-infected cells. Serum reactivity was resolved by using Histostain (Zymed Laboratories, San Francisco, Calif.) with goat anti-rabbit streptavidin peroxidase, followed by aminoethylcarbazol. Positive staining appears dark red. As a control for capsid protein, tissues were probed with either rabbit polyclonal HPV (Signet Pathology Systems, Dedham, Mass.) at 1:50 dilution for CRPV or mouse anti-L2 monoclonal antibody RL2.5D11 (M. Embers, unpublished data) at 1:100 dilution for ROPV. 
RESULTS

Serum reactivity to peptide immunogens.
Immune and preimmune sera from each individual rabbit were tested against all peptide immunogens by ELISA. Preimmune serum was nonreactive in all cases (data not shown). The results are shown in Table 1 . As expected, the serum antibody was strongly responsive to the peptide used for immunization. Cross-reactivity to the heterologous peptide was present and slightly weaker for both CRPV L2-and ROPV L2-immunized rabbits. Comparison of the relative intensities of cross-reactivity showed some unidirectional response. For example, ROPV L2.2 immune sera were highly cross-reactive to the CPRV L2.2 peptide, yet the converse (CRPV L2.2 immune serum reactivity to the ROPV L2.2 peptide) response was significantly weaker. Very little cross-reactivity between adjacent peptides was evident, implying that the overlapping region does not contribute significantly to this antibody response. Serum dilutions of 10 Ϫ3 and lower showed positive reactivity (optical density Ͼ 0.100) under conditions identical to those presented here (data not shown).
With regard to whole L2 proteins, assays testing immune serum were indicative of robust reactivity to the cognate L2 proteins, but cross-reactivity was largely absent. Immunoblots using rabbit sera to probe for recognition of L2 antigens are shown in Fig. 2 . These assays indicated that, in some rabbits, a low level of cross-reactivity to the heterologous protein appeared but that the antibody response is predominantly specific. These findings are further supported by the analysis of serum responses to virally infected tissues using immunohistochemistry. Figure 3 shows detection of L2 in the nuclei of rabbit tissue epithelial cells infected with each rabbit papillomavirus. Positive immunoperoxidase staining appears dark red within nuclei of cells found in the intermediate layer of the stratified squamous epithelium. Keratinized cells contributed some staining in the highly differentiated, flattened surface layer. Serum derived from rabbits immunized with both L2.1 and L2.2 peptides contained significant antibody responsiveness to viral protein within tissue, as a 1:200 dilution gave results comparable to those for the anti-L1 polyclonal antibody and ROPV L2-specific monoclonal antibody used as positive controls. Positive staining was undetectable when serum from HPV 16 L2 peptide-immunized rabbits was used. Furthermore, no cross-reactivity was apparent when tissues were probed with serum derived from immunization with peptides from the alternative rabbit virus.
Virus neutralization and the protective response. The aforementioned assays to evaluate the antibody responses of peptide-immunized rabbits to L2 protein utilized denatured antigens. Rabbit serum imparted significant nonspecific reactivity to VLP antigen and virus extract contaminants; thus, we were unable to test antibody responses to intact antigen in ELISA. Rather, the ability of peptide-immune rabbit serum to neutralize virus directly was evaluated by RT-PCR for the detection of CRPV E1^E4 spliced transcripts. Virus was incubated with various dilutions of serum and then used to infect RK13 cells. Although in vitro infection of monolayer cells was abortive, this early transcript was produced. Reverse transcription followed by two rounds of PCR using nested primers yielded a 329-bp product. Both CRPV L2.1 and CRPV L2.2 serum was found to neutralize the infection at serum dilutions between 1:5 and 1:10 ( Fig. 4) , whereas ROPV L2-immune, HPV 16 L2-immune, and preimmune sera did not. The results from two separate rabbits immunized with each CRPV L2 peptide are shown. The virus titer used for infection was a 1,000-fold-lower dilution of stock than that which yields detectable transcripts (data not shown) and thus corresponds to a significant quantity. Upon challenge with virus, rabbits immunized with the corresponding peptide were completely protected from CRPV infection and were significantly more resistant to ROPV-induced oral papillomatosis. As Fig. 5 indicates, cutaneous papillomas were completely absent from rabbits immunized with either CRPV L2 peptide. With the exception of one rabbit, ROPV L2 peptide-immune rabbits were not resistant to CRPV challenge, as papillomas grew progressively. The rabbit that appeared resistant showed no cross-reactivity in serum response assays, possibly implying nonproductive infection. Papillomas also grew readily on HPV 16 L2 peptide-immunized controls as expected. Following ROPV infection, papillomas of Ͼ1 mm grew at over 75% of challenge sites in HPV 16 and CRPV L2 peptide-immune rabbits. In contrast, both the sizes and numbers of oral papillomas were substantially reduced, or papillomas were completely absent, in ROPV peptide-immune rabbits ( Table 2 ), indicating that these rabbits were less susceptible to ROPV infection. The appearance of cutaneous and oral papillomas is shown in Fig. 6 . To determine whether the immunization peptides may have induced cell-mediated immunity as part of the protective response, rabbits were challenged with infectious CRPV DNA and monitored for papilloma growth. Two of the four rabbits from each CRPV peptide-immunized group received the CPRV genome at three sites on the back behind the original challenge sites. One from each group also received a CRPV L2-deficient genome. Papillomas grew on all rabbits (Table 3) , despite the absence of viral protein in the agent used for infection. Control rabbits from an inbred strain grew larger papillomas; this is likely a result of genetic variance rather than comparative immunity in the experimental New Zealand White rabbits. A low level of cell-mediated immunity or bystander effect from adjuvant, KLH, or previous challenge, however, may have contributed to the slower papilloma growth in these animals. The results of this experiment provide strong evidence that protective immunity provided by immunization with the L2 peptides is largely due to antibody-mediated neutralization of virus.
A smaller pilot experiment using one rabbit for immunization with each of the L2 peptides described above yielded similar results, i.e., protection against ROPV and complete protection against CRPV infection (data not shown).
DISCUSSION
In this study, we have shown that a specific B-cell epitope within L2, when administered as a peptide vaccine, provides protection from cutaneous and mucosal papillomavirus infection in rabbits. The level of protection afforded by these peptides is comparable to that seen with L1 VLP vaccination, where cutaneous papillomas were completely absent after challenge with a 10 Ϫ2 dilution of viral stock (5) . Furthermore, rabbits were significantly less susceptible to challenge with high-titer ROPV stock when immunized with the L2 peptides.
In a previous pilot experiment, the postinfection serum antibody did not appear to recognize the highly immunogenic major capsid protein, L1, as evidenced by a lack of reactivity to L1 VLP. This finding, along with the results of the DNA challenge experiment, provides sufficient evidence to indicate that the protective response from immunization with these L2 peptides is due predominantly, if not completely, to the neutralization of viral infection by peptide-specific antibody targeted to the L2 protein.
The ability of short peptides containing specific B-cell epitopes to provide neutralizing antibodies to viruses is rare. Typically, B-cell epitopes are discontinuous, with antibody recognition sites resulting from folding of the target protein into secondary or tertiary structures. Furthermore, effective humoral responses often require the inclusion of T-cell epitopes in a multiple-antigen peptide vaccine (reviewed in reference 39). Due to the ability of linear epitopes to invoke neutralizing antibodies, we speculate that those used in this experiment must not conformationally diverge significantly from the peptide structure as the protein is folded and incorporated into a capsid. The region of papillomavirus L2 used in this study shows hydrophilic-to-neutral polarity in hydrophobicity plots. Protein structure prediction software indicates that this epitope, with Ͼ80% probability, would form a strand-coilstrand motif, with the coil lying in the overlapping region of the peptides used for this experiment. Perhaps this portion of L2 a Geometric mean diameters (GMD) are means for papillomas on three sites per treatment at 9 weeks postinfection.
b CRPV L2 Ϫ genome, genome rendered deficient for the expression of L2 via mutation in the start (ATG) codon.
c ND, not determined.
loops out at the capsid surface, and its position, along with weak hydrophilic interactions, allows for the epitope structure to remain rigid. This sequence may also be involved in an interaction at the cell surface; the HPV 16 L2 peptide counterpart, when fused with green fluorescent protein, was shown to bind the surfaces of a variety of cell types (17) . Given the previous findings for mice with the HPV 16 and 6/11 L2 peptide counterparts, we speculate that peptides incorporating a larger segment of this region, or a combination of the L2.1 and L2.2 peptides used here, may be capable of eliciting cross-reactive responses in rabbits. However, this is difficult to predict, as discrepancies may result from differences between rabbits and mice in the mechanisms they utilize to generate the diverse B-cell receptor repertoire. In accordance with our findings on the ability of these B-cell epitope peptides to elicit protective neutralizing antibodies, we conclude that this region of L2 could provide a feasible and effective component of a multiple-antigen peptide vaccine for prevention of papillomavirus infections.
